Abstract We report a retrospective case series of four patients with genetically confirmed Huntington's disease (HD) and sporadic amyotrophic lateral sclerosis (ALS), examining the brain and spinal cord in two cases. Neuropathological assessment included a polyglutamine recruitment method to detect sites of active polyglutamine aggregation, and biochemical and immunohistochemical assessment of TDP-43 pathology. The clinical sequence of HD and ALS varied, with the onset of ALS occurring after the mid-50's in all cases. Neuropathologic features of HD and ALS coexisted in both cases examined pathologically: neuronal loss and gliosis in the neostriatum and upper and lower motor neurons, with Bunina bodies and ubiquitinimmunoreactive skein-like inclusions in remaining lower motor neurons. One case showed relatively early HD pathology while the other was advanced. Expanded polyglutamine-immunoreactive inclusions and TDP-43-immunoreactive inclusions were widespread in many regions of the CNS, including the motor cortex and spinal anterior horn. Although these two different proteinaceous inclusions coexisted in a small number of neurons, the two proteins did not co-localize within inclusions. The regional distribution of TDP-43-immunoreactive inclusions in the cerebral cortex partly overlapped with that of expanded polyglutamine-immunoreactive inclusions. In the one case examined by TDP-43 immunoblotting, similar TDP-43 isoforms were observed as in ALS. Our findings suggest the possibility that a rare subset of older HD patients is prone to develop features of ALS with an atypical TDP-43
Introduction
Huntington's disease (HD) is an inherited neurodegenerative disorder caused by an expanded CAG repeat that encodes an abnormally long polyglutamine stretch in the disease protein huntingtin [39] . Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that occurs sporadically or as a familial disorder. Both diseases are associated with abnormal protein accumulation: HD represents one of at least nine polyglutaminopathies [6] , whereas ALS is characterized by the accumulation of the 43 kDa TAR-DNA-binding protein (TDP-43) [21] . Mutations in TDP-43 have been identified in sporadic and familial ALS, and thus ALS is now recognized as one of several TDP-43 proteinopathies [2, 13, 37, 44] .
Despite the fact that HD and ALS are relatively rare and clinically distinct, more than ten patients with HD have been reported to show ALS-like clinical features [14, 25, 27, 31, 32] ; the coincidental occurrence of both diseases, however, is predicted to be only 2-6 cases per billion [9, 15] . Notwithstanding the recent exclusion of the HD disease gene as a risk factor for ALS [17, 29] , these cases raise the question: does mutant huntingtin have a deleterious effect on motor neurons that predisposes HD mutation carriers to motor neuron degeneration? To address this question, we first must define the pathologic features of such cases. Although the pathology of a single case with concurrent familial ALS and HD has been reported [31] , there is no pathologic report of sporadic ALS occurring in genetically confirmed HD.
Here we report three individuals with confirmed HD and one HD mutation carrier who developed ALS. We performed pathologic and biochemical studies in two cases to assess whether dual pathological findings of ALS and HD are indeed present, and whether they show characteristic features that suggest effects of mutant huntingtin on ALS pathology.
Patients and methods

Patients
Patients were referred to the Departments of Neurology at the University of Iowa (case 1), National Hospital of Saigata (case 2), University of Michigan (case 3), and University of Alberta (case 4). Written informed consent for autopsy including use of tissue for research purposes was obtained from next of kin. The present study was approved by the institutional review boards of the Iowa University School of Medicine, IA and Niigata University School of Medicine and Saigata National Hospital, Niigata, Japan.
Neuropathologic techniques and immunohistochemistry
Neuropathologic examination was performed in cases 1 and 2. Formalin-fixed, paraffin-embedded sections were prepared from brain and spinal cord and stained with hematoxylin and eosin and Klüver-Barrera (K.B.) staining methods. Sections were also immunostained using polyclonal antibodies against phosphoserines 409 and 410 of TDP-43 (pS409/410-2; Cosmo Bio Co., Ltd., Tokyo, Japan; 1:4,000), TDP-43 (10782-2-AP; Protein Tec Group Inc., Chicago, IL, USA; 1:4,000) and ubiquitin (Dako, Glostrup, Denmark; 1:1,000), and monoclonal antibodies against expanded polyglutamine (1C2) (Chemicon, Temecula, CA, USA; 1:10,000), huntingtin (EM48) (MAB5374; Chemicon, Temecula, CA, USA; 1:100) and p62 (3/p62 LCK LIGAND; BD biosciences, San Jose, CA, USA; 1:500). Four-lm-thick sections were pre-treated with formic acid for 1C2 immunostaining, or in a microwave oven in a 10-mM citrate buffer (pH 6.0) for other antibodies. Immunolabeling was detected using the avidin-biotinperoxidase complex method with Vectastain ABC kit (Vector, Burlingame, CA, USA), and visualized with diaminobenzidine/H 2 O 2 solution. Counterstaining was carried out with hematoxylin. Double-label immunofluorescence was performed on sections of spinal cord (case 1 and 2), motor cortex (case 1) and frontal cortex (case 2), using antibodies against pS409/410 of TDP-43 (1:2,000) or TDP-43 (1:2,000) together with 1C2 (1:2,000) or EM48 (1:50). Secondary antibodies were Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 568 or 555 goat antimouse IgG (Molecular Probes; 1:1,000). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Sections were analyzed by confocal laser-scanning microscope (LSM510-V4.0; Carl Zeiss Co., Ltd.). To detect active sites of polyglutamine aggregation, 40-lm-thick sections were cut from spinal cord and motor cortex of case 1 and control case with a vibrating microtome and immunostained with the polyglutamine peptide recruitment method as described previously [10, 24] . Briefly, sections were immunostained using a biotinylated polyglutamine peptide containing approximately 30 glutamine residues. Immunolabeling was detected using the avidin-biotin-peroxidase complex method with Vectastain ABC kit and visualized with diaminobenzidine/H 2 O 2 solution.
Fractionation of frozen tissues and TDP-43 immunoblotting
Protein lysates were generated as described [8, 38] from frontal, motor and temporal cortices of case 2, one ALS, two HD and two control brains. Briefly, frozen tissues were homogenized in buffer A [10 mM Tris-HCl (pH 7.5), 1 mM ethylene glycol-bis[-b-amio-ethylether]-tetra-acetic acid, 1 mM dithiothreitol, 10 % sucrose] and centrifuged at 25,0009g for 30 min at 4°C. The resulting pellets were extracted in buffer A containing 1 % Triton X-100 and centrifuged at 180,0009g for 30 min at 4°C. These pellets were subsequently homogenized in buffer A containing 1 % sarcosyl, incubated for 1 h, and centrifuged at 180,0009g for 30 min at 22°C. The sarkosyl-insoluble pellets were solubilized in 8 M urea buffer. After centrifugation at 25,0009g for 30 min at 22°C, the supernatants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblotting with anti-TDP-43 polyclonal antibody (1:2,000) and anti-pS409/410 of TDP-43 monoclonal antibody (Cosmo Bio Co., Ltd; 1:2,000). Detailed case information is in Online Resource 1.
Gene analysis of TARDBP, progranulin and C9ORF72 genes
High-molecular weight genomic DNA was extracted. We amplified all the exons of TARDBP (NM_007375.3) and progranulin (NM_002087.2) genes with use of a series of primers, followed by sequence reaction. For screening of GGGGCC repeat expansion in C9ORF72 (NM_018325.2), fluorescence fragment length analysis of PCR fragments was performed on an ABI 3130xl genetic analyzer (Applied Biosystems, Foster City, CA, USA) and Peak Scanner software v1.0 (Applied Biosystems) according to previously described methods [3] .
Results
Case 1
In her mid-50's the patient, who had a family history suggestive of HD, developed chorea in all limbs, mild irregularities in speech, emotional lability and difficulty concentrating. Neurological examination at age 58 revealed subtle dysarthria, choreiform movements of the face and limbs, slowed and irregular alternating hand movements, and lower limb hyperreflexia without spasticity. No muscle weakness or atrophy was noted. Mild caudate atrophy was seen on magnetic resonance imaging (MRI), and HD genetic testing revealed a pathogenic CAG repeat of 46 in the HTT gene, establishing the diagnosis of HD. One year later she developed right hand weakness. A brachial plexus lesion was suspected, prompting surgery to remove a cervical rib, but her weakness progressed and soon involved all limbs and neck. At age 60, she was noted to have distal atrophy of upper limbs, fasciculations in all limbs, diffuse hyperreflexia and extensor plantar responses. Electromyography (EMG) revealed extensive denervation in both upper extremities. Except for having HD, she fulfilled a diagnosis of probable ALS according to El Escorial criteria [1] , and she was placed on riluzole. She died of respiratory weakness at age 61.
Case 2
The patient developed chorea and cognitive changes in her mid-30's. Her father, sister and numerous other relatives had shown similar symptoms. She was referred to the neurology clinic at age 44 where an examination revealed choreiform movements of the face, neck and limbs without weakness or muscle atrophy. Caudate atrophy was seen on the brain computed tomography consistent with HD, and the diagnosis was confirmed with a CAG repeat of 47. Her cognitive impairment progressed and at age 48, she was bed-ridden. Examination revealed bilateral extensor plantar responses, rigidity and chorea. At age 57, extensor plantar responses were still evident but she was hypotonic with no involuntary or volitional limb movements. MRI showed brain atrophy with areas of signal hyperintensity in the cerebral white matter on T2-weighted images. She developed progressive respiratory decline and died at age 58.
Case 3
The patient was referred for neurological evaluation of HD at age 62. Numerous relatives, including three siblings, her mother and maternal grandmother, were affected with HD but there was no family history of ALS. She had developed chorea in her mid-50's, which slowly worsened and was later accompanied by incoordination as well as cognitive and personality changes. Examination revealed choreiform movements in all limbs, trunk and face with hand clumsiness, postural instability and lower limb hyperreflexia. No speech or swallowing impairment, weakness or muscle atrophy was noted at this point. Genetic analysis confirmed the diagnosis of HD with a CAG repeat of 42. At age 66 she developed dysarthria and dysphagia, and within several months was anarthric and unable to swallow. EMG revealed extensive denervation in upper and lower extremities and thoracic paraspinal muscles. Further laboratory tests were negative including anti-GM1 antibodies. Except for having HD, she fulfilled a diagnosis of clinically probable, laboratory-supported ALS according to El Escorial criteria [1] .
Case 4
The patient was referred at age 48 for neurological evaluation following predictive testing for HD that revealed an expanded CAG repeat of 39. His father had developed symptoms of HD in his mid-50's and died at age 66. An examination revealed no neurological deficits at the time of predictive testing. At age 56 he developed dysarthria, which progressed over the following year such that his speech became nearly incomprehensible and was accompanied by drooling and nasal regurgitation. An examination revealed pseudobulbar affect with emotional incontinence, hyperactive jaw jerk and tongue atrophy. Mild weakness was evident in all limbs along with fasciculations in the arms, spasticity, diffuse hyperreflexia and extensor plantar responses. MRI revealed signal changes in the corticospinal pathways bilaterally from motor cortex to brainstem. EMG revealed acute and chronic denervation in multiple muscle groups including paraspinal muscles. A diagnosis of definite ALS was made according to El Escorial criteria [1] . At age 58, he required a keyboard to facilitate communication. His gait became wide-based with a steppage and spastic quality, requiring a walker.
Neuropathologic findings, case 1
The brain weighed 1,346 g before fixation and had selective atrophy of the precentral gyrus. Coronal brain sections revealed atrophy of the neostriatum without gross atrophy of the cerebral cortices (Fig. 1a) . Marked myelin pallor was seen in the corticospinal tracts in the brainstem and spinal cord (Fig. 1b) . Neuronal loss and gliosis were evident in the spinal anterior horn, most marked in the cervical cord (Fig. 1c) . Bunina bodies were occasionally found in the remaining anterior horn cells (Fig. 1d ) and in neurons of the hypoglossal nucleus. The motor cortex showed severe loss of pyramidal neurons, including Betz cells, and gliosis was evident (Fig. 1e) . The remaining cerebral cortex was well preserved (Fig. 1f) . Moderate neuronal loss and gliosis were evident in the caudate nucleus (Fig. 1g ) and dorsal putamen (Vonsattel grading; grade 2) [42] .
Immunohistochemistry revealed 1C2-immunoreactive (ir) neuronal intranuclear inclusions (NIIs) and neuronal cytoplasmic inclusions (NCIs) as well as TDP-43-ir NCIs in diverse areas of the CNS (Table 1) . NIIs and NCIs were observed with anti-huntingtin (EM48) and anti-polyglutamine (1C2) antibodies in spinal anterior horn cells (Fig. 1h, i) and neurons of the entire cerebral cortex including motor cortex (Fig. 1j, k) , predominantly in layer V-VI with occasional round or ellipsoid inclusions in the neuropil (Fig. 1l) . Polyglutamine recruitment staining in the spinal cord and motor cortex revealed aggregation foci distributed in the cytoplasm and proximal dendrites of anterior horn cells (Fig. 1m ) and pyramidal neurons (Fig. 1n) , whereas no aggregation was observed in a normal control (Fig. 1o) .
Using TDP-43 antibody, only a few NCIs were observed in the temporal cortex and none in dentate granular cells and Ammon's horn despite widespread NCIs in the motor and parietal cortex. TDP-43-ir NCIs varied in shape, adopting filamentous skein-like (Fig. 1p, r) , dash-like (Fig. 1q), circumferential (Fig. 1s), and round (Fig. 1t) patterns. TDP-43-ir cytoplasmic inclusions were also seen in glial cells in motor cortex, adjacent white matter, and corticospinal tract (Fig. 1u) . In the spinal cord and motor cortex, anti-p62 and anti-ubiquitin antibodies labeled NCIs (Fig. 1v, w) and GCIs (Fig. 1x, y) that were similarly shaped but less frequent than the TDP-43-ir inclusions.
Neuropathologic findings, case 2 The brain weighed 708 g before fixation, showing severe global cerebral atrophy. Coronal brain sections revealed severe cortical and white matter atrophy with marked myelin pallor in the entire cerebrum and marked atrophy of the neostriatum (Fig. 2a) . Myelin pallor was also seen in the corticospinal tract in the brainstem and spinal cord. Neuronal loss and gliosis were evident in the hypoglossal nucleus and spinal anterior horn, especially in cervical and thoracic segments (Fig. 2b) . Bunina bodies (Fig. 2c ) and round inclusions (Fig. 2d) were occasionally found in the remaining anterior horn cells and in neurons of brainstem motor nuclei. Neuronal loss and gliosis were severe throughout the cerebral cortex especially in layers V and VI (Fig. 2e) . Myelinated fibers were sparse and gliosis was evident in the adjacent cerebral white matter (Fig. 2f) . Neuronal loss and gliosis were severe in the caudate nucleus (Fig. 2g) , and moderate in the putamen and globus pallidus (Vonsattel grading; grade 4) [42] .
Immunohistochemistry revealed 1C2-ir NIIs and NCIs as well as TDP-43-ir NCIs in diverse areas of the CNS (Table 1) . Numerous NIIs and neuropil inclusions were observed with 1C2 and EM48 antibodies throughout the cerebral cortex, accentuated in frontal and motor cortex and more frequent in layers II and III (Fig. 2h, i) . Scattered glial intranuclear inclusions were also present in the cerebral white matter (Fig. 2j) . 1C2-ir NIIs and NCIs were also seen in spinal anterior horn cells (Fig. 2k, l) .
With TDP-43 antibody, many NCIs were detected in the cerebral cortex, particularly in the frontal cortex, mainly in layer II with numerous dot-like short neurites and scattered long neurites (Fig. 2m, n) . Numerous NCIs were also seen in other regions including the dentate gyrus (Fig. 2o ), yet no NCI in the Ammon's horn. Many round or skein-like TDP-43-ir NCIs were detected in the remaining lower 
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Inferior olivary nucleus TDP-43 did not co-localize with expanded polyglutamine or mutant huntingtin in NCIs, NIIs, GCIs or neuropil inclusions ( Fig. 3a-l) . In contrast, separate TDP-43-ir NCIs and 1C2-or EM48-ir NIIs or NCIs did coexist in a small number of neurons in the spinal cord and motor and frontal cortex ( Fig. 3j-l) . In these areas, approximately half of the TDP-43-ir NCIs and several GCIs were immunoreactive for p62. Less frequently, NCIs and GCIs were also immunoreactive for ubiquitin (not shown).
TDP-43 immunoblot analysis, case 2
In lysates examined from case 2, ALS, HD and control cases, anti-TDP-43 antibody showed a *43-kDa band consistent with non-phosphorylated TDP-43, with an additional *45-kDa band being observed only in case 2 and the ALS case. Anti-phosphorylated TDP-43 antibody detected a *45-kDa band and *26-kDa fragment, as well as an indistinct ladder-like smear in case 2 and the ALS case, but not in the HD or control cases (Fig. 4) . In addition, the pattern of *26-kDa bands corresponding to TDP-43 fragments was similar in case 2 and the ALS case, consistent with what has been described in ALS [8] (data not shown).
Gene analysis of TARDBP, progranulin and C9ORF72, case 2
Case 2 showed no mutation in the TARDBP or progranulin gene, and no expansion of the C9ORF72 hexanucleotide repeat.
Discussion
Here we reported clinical and neuropathologic features in a series of patients with genetically confirmed symptomatic HD (three cases) or possessing the HD mutation (one case) who also manifested clinical and/or pathologic features of ALS. Neuropathological and biochemical evaluation of the spinal cord and brain from two patients confirmed the coexistence of pathological features of HD and ALS. Our findings suggest that the HD pathogenic process can involve motor neurons while also indicating that, in these two HD cases, TDP-43-associated processes contribute to motor neuron degeneration, as in typical ALS. Pathologic findings of HD and ALS coexisted in both examined cases. Both showed obvious upper and lower motor neuron loss with Bunina bodies and ubiquitin-ir skein-like inclusions in remaining lower motor neurons, which are characteristic of ALS [15, 28] , as well as neuronal loss and gliosis in the neostriatum together with polyglutamine inclusion-containing neurons, which are hallmarks of HD [9, 11, 43] . A single reported autopsy case with HD and familial ALS likewise had these characteristics of ALS and HD, but also showed degeneration of posterior columns and dorsal spinocerebellar tracts, which was not present in our cases [31] .
As shown in Table 1 , TDP-43-ir NCIs were found in many regions beyond the affected lower motor nuclei and motor cortex. This pattern represents a broader distribution than seen in classical sporadic ALS, more reminiscent of a ''type 2 ALS'' pattern of TDP-43 pathology [22] . The pattern, however, also displayed features atypical of type 2 ALS. For example, TDP-43-ir NCIs were absent from the dentate gyrus in case 1 and Ammon's horn in both cases 1 and 2. In these regions, TDP-43-ir NCIs have been observed in over 85 % of patients with type 2 ALS [22] . In case 2, only a small number of TDP-43-ir NCIs were seen in the amygdaloid nucleus, a region in which numerous NCIs appear in typical type 2 ALS [7] . In both our cases, 1C2-ir neurons were also rare in these regions. Unlike type 2 ALS [22] our cases lacked prominent TDP-43 pathology in temporal cortex. Instead, TDP-43-ir NCIs were abundant in the parietal cortex in case 1 and frontal cortex in case 2, where 1C2-ir neurons were also more frequently observed than in temporal cortex. Thus, the distribution of TDP-43 in our HD/ALS cases resembles a classical ALS distribution (type 1 [22] ) with a superimposed, atypical cortical distribution that may mirror the distribution of 1C2-ir pathology. However, because some regions with abundant 1C2-ir neurons displayed few or no TDP-43-ir NCIs and lower motor nuclei had abundant TDP-43-ir NCIs yet few were 1C2-ir neurons, we could not conclude from the present data that the distribution of TDP-43 pathology was directly affected by mutant huntingtin. In neurons of the motor cortex and lower motor neurons, we also detected expanded polyglutamine inclusions and aggregation foci which suggest ongoing huntingtin aggregation [10, 24] . Although 1C2-ir NIIs in anterior horn cells have been described in HD [11, 43] , we confirmed their presence and, using the polyglutamine recruitment technique, found evidence for active polyglutamine aggregation in motor neurons. Thus, we conclude that TDP-43-dependent and mutant huntingtin-dependent pathogenic processes likely occur simultaneously in motor neurons in such cases.
We found neurons in which separate TDP-43-ir NCIs and 1C2/EM48-ir NIIs or NCIs coexisted, but in such neurons we failed to observe co-localization of mutant huntingtin protein and TDP-43 within the same inclusions in our two cases. We also immunohistochemically examined the frontal cortex and neostriatum of other 11 patients with HD who did not show clinicopathological features associated with ALS [10 male, 1 female, age; 57.8 years, CAG repeat; 44.1 (43-47) in available 7 patients] and the spinal cord of 7 of the patients with an anti-pTDP-43 antibody. We observed only a small number of TDP-43-ir neuropil inclusions similar to mutant huntingtin neuropil inclusions in the deeper layers of frontal cortex of nine patients and much fewer in the neostriatum but no inclusions in the spinal cord. In contrast, others reported frequent co-localization of these two proteins in neuropil inclusions and dystrophic neurites in the cortex and neostriatum of HD cases [34] . This discrepancy may reflect differences in the cases examined or in methods of tissue preparation.
Motor neuron degeneration is recognized in other polyglutamine diseases: for example, spinobulbar muscular atrophy is a form of motor neuron degeneration [36] , and three patients with spinocerebellar ataxia type 2 (SCA2) and one with SCA6 have been described with concomitant ALS [5, 12, 20, 23] . Once TDP-43 was discovered to be a key component in ALS, TDP-43-ir NCIs were detected in neurons from various areas of SCA2 disease brain [4, 40] and in lower motor neurons and axons in patients with Machado-Joseph disease (also known as SCA3) [35, 38] . Similar to our two cases, in reported cases, co-localization of TDP-43 and mutant polyglutamine proteins has not been observed and coexistence of these proteins in the same neuron is infrequent [38, 40] . In addition, expanded CAG repeats in the SCA2 disease gene are associated with increased risk for ALS [4, 30, 41] . Although the pathophysiological mechanism remains unclear, intermediate expansion in the SCA2 disease protein ATXN2 has been suggested to perturb neuronal proteostasis thereby favoring TDP-43 mislocalization [4, 30] . Since two studies examining CAG repeat length in the HD disease gene in sporadic ALS versus controls have concluded that, unlike the SCA2 gene, the HD disease gene is not a risk factor for ALS [17, 29] , we cannot exclude the possibility that our patients suffer from both HD and ALS by chance alone. Certainly, the abundance of TDP-43-ir NCIs in our two cases is not a common feature of typical HD. Yet in a rare subset of HD patients, mutant huntingtin may predispose Fig. 4 TDP-43 Five patients with genetically confirmed HD who developed ALS-like features have previously been reported [14, 25, 27, 31, 32] . A review of the clinical features in these patients and our patients (Table 2) suggests several common features. First, although the sequence and interval between the onset of HD and ALS varied, the CAG repeat expansions in the HD gene were relatively short in all patients, typically resulting in mid-to later-life symptom onset. Consistent with this, HD onset occurred after at least the mid-30's in all cases, and one patient had not yet developed overt symptoms of HD when ALS symptoms began at age 56. Second, the onset of ALS occurred after the mid-50's in all but one patient. These observations suggest that age-dependent changes may promote the deleterious effect of mutant huntingtin on motor neurons. Similarly, in Machado-Joseph disease, affected individuals who are older and have the smallest disease-causing expansions are most prone to develop motor neuron degeneration [26] .
In summary, we suggest the possibility that a rare subset of older HD patients is prone to develop features of ALS with an atypical TDP-43 distribution that in many respects resembles that of aggregated mutant huntingtin. Agedependent neuronal dysfunction induced by mutant polyglutamine protein expression rarely may contribute to TDP-43 associated pathomechanisms, with a small proportion of the patients developing the phenotypic appearance of motor neuron disease in later life.
